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論文内容要約 
Chapter 1: Gas-solid two-phase flow with chemical reactions can be found in the boiler of coal-fired power plants and fluid bed 
reactors. In the applications, this study focuses on pulverized coal combustion (PCC), which is found in the boiler. PCC is a 
technology to generate heat by burning coal pulverized to a mean particle size of 40 µm and affects the power generation 
efficiency and exhaust gas composition. Although theoretical investigations using numerical simulation are necessary to 
understand and optimize the PCC process, there is a huge number of phenomena to be considered and the mathematical and 
physical models have not been established. This study attempted to improve the prediction accuracy of the simulations for PCC 
from the perspectives of turbulence, chemical reactions, and dispersed phase, respectively. The thesis consists of nine chapters. 
First, the background, motivation and previous studies were outlined in Chapter 1. Recent simulation for PCC often uses large 
eddy simulation (LES) for turbulence; therefore, the turbulence was solved using LES in this study. Chapters 2 and 3 describe 
the theories of the gas-solid two-phase flow and numerical methods, respectively. The accuracy of LES was verified in the 
simulation of turbulent mixing within a coaxial jet in Chapter 4. LES of reacting flow requires a turbulent combustion model to 
estimate the spatial-averaged reaction rate. In Chapter 5, the characteristics of two combustion models were evaluated in the LES 
of CH4/air coaxial diffusion flame. One model was the eddy-break-up (EBU) model by Hu et al. [1], based on the infinitely fast 
chemistry, and the other model was flamelet/progress-variable (FPV) approach [2], which considers the reaction kinetics. The 
characters of the FPV approach were further investigated through the comparison with the flamelet-generated manifolds (FGM) 
method in Chapter 6. As the FPV approach was originally developed for gaseous combustion, it cannot be adopted in PCC as it 
is. In Chapter 7, the FPV approach was extended to the PCC system according to previous studies [3, 4] and validated by 
following up a previous configuration of Wen et al. [5]. Although it was desirable to use the solutions obtained from detailed 
chemistry (DC) for reference in the validation test, DC can be used in only direct numerical simulation (DNS) or laminar flow 
calculation. Given the huge computational cost of DNS, the test was performed in the laminar flow in this chapter. The extended 
FPV approach was coupled with LES, and a laboratory-scale burner was simulated in Chapter 8. Finally, the discussions were 
summarized in Chapter 9.  
Chapter 2: In this chapter, a fundamental theory for the simulation of PCC was introduced. The governing equations in the 
reacting flow were Favre-filtered Navier-Stokes equations. The effects of turbulence on the fluid motion were implemented as 
eddy viscosity into the diffusive terms in the governing equations. In the FPV approach, various thermochemical quantities were 
retrieved from the look-up tables via mixture fraction, its variance and progress variable. Then, scalar components to be solved 
were only the mixture fraction and progress variable, and the other properties such as enthalpy and species concentration were 
obtained from the look-up tables. Note that the turbulence-chemistry interaction was considered using the presumed probability 
density function (PDF) approach in the FPV approach in this study. The pulverized coals were simulated according to the 
Lagrangian framework. The balance equations of particle mass, motion, and energy were solved individually, and the effect of 
the particle is considered through a source of mass, momentum and energy in the gas-phase calculation using the particle-source-
in-cell model [6]. The radiative heat transfer and absorption coefficients of a mixture were evaluated using P1 approximation and 
the weighted-sum-of-gray-gases model, respectively.  
Chapter 3: The governing equations of the gas phase were discretized using the finite volume method. The convective term in 
the momentum equations was spatially discretized using a blended scheme combining the central differencing scheme and the 
3rd-order upwind scheme in a 95%:5% ratio. For the time-marching scheme, the 2nd-order Adams-Bashforth method was used 
with a dynamic time step determined by restricting the Courant number to a maximum of 0.3. The simplified marker and cell 
method [7] was used for the pressure-velocity coupling scheme, and the Poisson equation was solved using the algebraic multi-
grid solver [8]. The governing equations of the dispersed phase, i.e. ordinary differential equations, were solved using the 2nd-
order Runge-Kutta scheme with a constant time step of 1 µs.  
Chapter 4: Turbulent mixing within a coaxial jet in a previous experiment [9] was simulated using LES. The fluorescence dye 
was discharged into an expanded circular duct of 614 mm length and a 61 mm radius. The numerical solutions were in good 
agreement with the experiment for axial velocity, radial velocity, and volume fraction of the dye except for its root mean square 
(RMS) value in the upstream region. This difference in the RMS values was attributable to the inflow boundary conditions 
without fluctuating components in this study. In order to understand the potential of LES, statistical information such as 
probability density and turbulent kinetic energy were evaluated at an arbitrary axial position. The calculated probability density 
of axial and radial velocities matched the values obtained from the experiment. In addition, the calculated turbulent kinetic energy 
spectra by the fast Fourier transform showed the region where the energy increased proportional to the −5/3rd power of the 
wavenumber, suggesting a successful resolution of the eddies in the inertial range by the LES.  
Chapter 5: In this chapter, the effects of finite-rate chemistry on the combustion behavior predicted by LES were explored by 
comparing the numerical solutions between the EBU model and the FPV approach. The analytical object was a CH4/air coaxial 
diffusion flame in a previous experiment [10]. The radius and length of the cylindrical duct were 61.15 mm and 1000 mm 
respectively, and the fuel jet was ignited by the surrounding preheated oxidizer jet. In the simulation with the EBU model, the 
gas temperature suddenly increased at the mixing region of fuel and oxidizer jets owing to the assumption of infinitely fast 
chemistry, resulting in a much higher temperature than the measurement. In contrast, such rapid change was not observed in the 
simulation with the FPV approach, and it represented the experimental distributions of gas temperature, mixture fraction, and 
combustion products. A comparison of the EBU model and FPV approach indicated the importance of finite-rate chemistry to 
predict the combustion behaviors, particularly in the upstream region.  
Chapter 6: FGM method [11] is also well-known for the combustion model based on tabulated chemistry, which reduces the 
computational cost of DC by tracking only the mixture fraction and progress variable. The FGM method uses the look-up tables 
constructed from the calculation data of premixed flame, whereas the look-up tables based on diffusion flame are used in the 
FPV approach. In this study, the effects of pre-computed flame on the combustion behaviors were addressed through a 
comparison of numerical solutions between the FPV approach and FGM method in the LES of CH4/air piloted flame [12]. The 
computational domain, which measured 160 mm×160 mm×630 mm, was divided into 3.0 M computational cells, and parallel 
computing was performed using 36 processors. Although both models were capable of predicting the gas temperature in the 
experiment, only the FGM method failed to predict the mass fraction of CO, resulting in a significant difference from the FPV 
model. The decrease of prediction accuracy of the FGM method was caused by the look-up tables and the difference grew in the 
fuel-rich conditions. These results implied that the combustion mode in the analytical object should be considered when the look-
up tables are constructed. 
Chapter 7: As the FPV approach was originally developed for gaseous combustion modeling, it cannot be adopted to the PCC 
as it is. In this chapter, the FPV approach was extended to PCC according to previous studies [3,4] and the performance of the 
extended model was assessed in both a priori and a posteriori analyses. In order to consider several fuel streams and non-
adiabatic system in the FPV approach, second mixture fraction and enthalpy were added to the representative parameters, and 
four-dimensional look-up tables were developed. Although it was desirable to compare the FPV-derived solutions with those 
obtained using DC in the validation, DC cannot be coupled with the LES. Accordingly, a two-dimensional counter-flow diffusion 
flame of Wen et al. [5] was selected as the analytical object of the validation. Three conditions where the coal/air ratio differed 
were prepared to eliminate the dependence on the tested conditions. First, the flame structure in each numerical condition was 
investigated using DC. Subsequently, it was confirmed whether the enthalpy in the look-up tables could cover that in the DC 
simulations. The enthalpy predicted by DC lay within the range of the look-up tables, indicating that the FPV approach based on 
these look-up tables can represent the heat loss/gain in this configuration. In addition, the FPV approach reproduced the results 
obtained using DC irrespective of numerical conditions. Therefore, it is concluded that the FPV approach extended in this chapter 
is promising even in the simulation for PCC with turbulence.  
Chapter 8: The LES with the FPV approach of a laboratory-scale jet burner of pulverized coals [13] was presented in this chapter. 
The computational domain, which measured 50 mm×50 mm×250 mm, was divided into 5.0 M computational cells. The 
simulations were performed using 60 processors on the scalar-parallel computer, LX 406Re-2 at the Cyberscience Center of 
Tohoku University. The velocity profile including turbulent fluctuating components [14] provided a reasonable inflow boundary 
condition to this simulation. The subgrid-scale variance of mixture fraction was implemented in the simulation using a top-hat 
PDF. A comparison of Mie-scattering images between non-reacting and reacting cases indicated the particle dispersion was 
suppressed in the reacting case. The LES represented this difference of particle motions between non-reacting and reacting cases 
and suggested that the change in the vortex structures affected it. In the reacting case, the axial distribution of O2 predicted by the 
LES showed reasonable agreement with the measurement, although the previous simulation using the EBU model [15] 
significantly underestimated it. The slight differences from the previous simulation results can be explained by the 
devolatilization parameters and compositions of volatile gas. Furthermore, transient behaviors were observed in temperature 
elevation and combustion mode of fuel gas. As these results were not observed in a time-averaged profile, the importance of 
unsteady calculations such as LES was emphasized.  
Chapter 9: In this study, a modeling method of combustion in gas-solid two-phase flow was developed based on the FPV 
approach. The LES using the developed method provided valuable insight regarding the combustion characteristics of the 
pulverized coal flame. I believe that the achievements will be useful for future simulations of PCC and could ultimately help 
overcome the environmental issues faced due to the continued usage of coal. 
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